Electrochemical properties of curium (Cm-244) dissolved in LiCl-KCl eutectic melt were studied in the temperature range of 718-823 K. A small electrochemical cell used in the present study was designed to measure electrochemical properties of highly radioactive Cm-244, the maximum handling amount of which is 30 mg in our hot cells, dissolved in molten salts. Apparent standard potentials of Cm 3+ /Cm couple obtained in the present study, E°* (Cm 3+ /Cm) = (−3.236 + 0.011) + (4.86 + 0.14) × 10 −4 T, reasonably agree with Osipenko's data (2011) and are lower than Martinot's data (1975). The validity of the data obtained in the present study was discussed by comparing with the reported data of other transuranic elements.
Introduction
A pyrochemical process using molten salts is a promising technique for reprocessing of spent nuclear fuels, which has advantages such as its compactness, high radiation resistance and high proliferation resistance. 1 In case of spent metallic fuels, they are dissolved into a molten salt bath (LiCl-KCl eutectic melt) at an anode and uranium is selectively recovered at a solid cathode from the molten salt bath containing dissolved actinides and fission product elements including lanthanides in the electrorefining step. 1 Subsequently, residual uranium, plutonium and minor actinides (MAs: Np, Am, Cm) are selectively recovered at a liquid cadmium cathode by electrorefining. Accurate knowledge about standard potential of actinide elements including MAs in LiCl-KCl eutectic melt is required for designing the pyrochemical process since the standard potential of actinide elements is related to the stability of those ions in LiCl-KCl eutectic melt. Among MAs, reliable apparent standard potential data of Np [2] [3] [4] [5] [6] [7] and Am [8] [9] [10] [11] in LiCl-KCl eutectic melt were reported. As for Cm, a set of data on the apparent standard potentials of Cm had been reported by Martinot 12 before new data were reported by Osipenko 13 in 2011. And there is significant difference between two data. Therefore, it is important to determine the reliable apparent standard potentials of Cm 3+ /Cm couple in LiCl-KCl eutectic melt. In previous studies, Cm 3+ ions were introduced into LiCl-KCl as CmH 3 12 or as curium chloride prepared by the reaction of Cm 2 O 3 with chlorine gas in the melt. 13 In the present study, Cm 3+ ions were introduced into LiCl-KCl eutectic melt as CmCl 3 which was synthesized by the solid-state reaction of CmN with CdCl 2 . A small electrochemical cell was designed for the electrochemical measurement using a small amount of the highly radioactive MAs (the amount of which is limited lower than 30 mg, because the maximum handling amount of Cm-244 in our hot cell is 30 mg) contained in molten salts. The apparent standard potentials of Cm 3+ /Cm couple in LiCl-KCl eutectic melt were measured by using this small electrochemical cell. The validity of the data obtained in the present study was discussed by comparing with the reported data of other transuranic elements.
Experimental
Sample preparation of CmCl 3 was briefly given here, since the details of the sample preparation of CmCl 3 were described in Ref. 14 14 Small amounts of nitride and oxychloride were contained in the CmCl 3 sample as impurities.
14 However, these impurities were considered not to influence on electrochemical measurements due to low solubility of these compounds in LiClKCl eutectic melt. Anhydrous LiCl-KCl eutectic (99.99% purity) purchased from Anderson Physical Laboratory (APL) was used without further purification. A tungsten wire of 1 mm in diameter (99.95% purity, RARE METALLIC Co. Ltd.) and that of 3 mm in diameter (99.95% purity, Nilaco Corp.) were used as a working and a counter electrodes, respectively. A silver wire of 1 mm in diameter (99.99% purity, Nilaco Corp.) immersed into a LiCl-KCl-1 wt%AgCl (99.99% purity, APL) molten salt contained in a closed-end porous mullite tube (50%Al 2 O 3 + 46%SiO 2 , Nikkato Corp.) was used as a reference electrode. The surfaces of these wires were polished with a No. 2000 emery paper before immersing into the molten salt bath.
All of the materials were handled in a glove box or a hot cell with an argon gas atmosphere at the module for TRU High Temperature Chemistry (TRU-HITEC) installed in Nuclear Fuel Cycle Safety Engineering Research Facility, Japan Atomic Energy Agency. 19, 20 The concentrations of oxygen and moisture in the glove box and the hot cell were maintained to be lower than 1 ppm. A small electrochemical cell was designed for the electrochemical measurement using a small amount of the highly radioactive MAs (the amount of which is limited lower than 30 mg, because the maximum handling amount of Cm-244 in our hot cell is 30 mg) contained in molten salts. Figure 1 shows an experimental setup with the small 
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) was used for the electrochemical measurements where X is the mole fraction of the solute in LiCl-KCl eutectic melt. The sample was introduced in a high-purity alumina crucible (99.9% Al 2 O 3 , Nikkato Corp.) with an inner diameter of 18 mm which had been inserted in a Mo container. This container was attached to a cover of the furnace to fix the position of the alumina crucible. An electrodes separator was used to prevent the contacts of the electrodes. The temperature of the molten salt was measured with a calibrated Chromel-Alumel thermocouple (precision: «1 K) inserted in a closed-end alumina tube (99.5% Al 2 O 3 , Nikkato Corp.) immersed into the melt. The uncertainty in the electrochemical measurements was «5 mV. All electrochemical measurements such as cyclic voltammetry, galvanodynamic measurement, 21 potentiostatic and open-circuit chronopotentiomerty were carried out using a Princeton Applied Research (PAR) 263A Potentiostat/Galvanostat controlled with the Scribner Associates Inc. CorrWare software.
Results and Discussion
To confirm the accuracy of the data obtained from electrochemical measurements using the small electrochemical cell, preliminary measurements using the small electrochemical cell were performed using LiCl-KCl-CeCl 3 at 723 K. 7.50 g of LiCl-KCl mixed with 9.8 mg of CeCl 3 (X(CeCl 3 ) = 2.96 © 10 ¹4 ) was used for this experiment. The mole fraction of CeCl 3 (X(CeCl 3 )) in this experiment is similar to that of CmCl 3 (X(CmCl 3 )) in the experiment using Cm; the accuracy of our measurements is considered not to affected by such small difference of concentration of the solute (X(CeCl 3 ) is 1.6 times larger than X(CmCl 3 )). Figure 2 shows a typical cyclic voltammogram measured at 723 K in LiCl-KCl-CeCl 3 . The anodic and cathodic peaks attributed to the reaction of Ce 3+ /Ce couple were observed. The apparent standard potential of Ce 3+ /Ce couple was determined from the equilibrium potential measured by the galvanodynamic technique as shown in Fig. 3 
where E Ã ðAg þ =AgÞ is the apparent standard potential of Ag 
The apparent standard potential of Ce 3+ /Ce couple relative to the Cl 2 /Cl ¹ reference electrode, E Ã ðCe 3þ =CeÞ, was determined to be ¹3.101 « 0.005 V at 723 K. This value was in agreement with the reported values, ¹3.085 « 0.005 V, 24 ¹3.092 V, 25 and ¹3.098 « 0.006 V. 26 From this result, it was judged that the electrochemical data obtained using this small electrochemical cell has a sufficient accuracy. Figure 4 shows a typical cyclic voltammogram in LiCl-KClCmCl 3 measured at 823 K. The anodic and cathodic peaks, P a and P c , were observed around ¹1.85 V relative to the Ag/AgCl reference electrode. It was supposed that these peaks are attributed to the redox reaction of Cm 
where E 
where n is the number of electrons contributed to the reduction reaction, n = 1 in the case of the Am 3+ /Am 2+ system. From the Eqs. (4) and (5), the anodic peak potential is given by the equation:
The anodic potentials at 823 K in this experimental condition were evaluated using the previously reported apparent standard potentials, ¹2.792 V 5 and ¹2.788 V. 10 The derived values, ¹1.497 V and ¹1.493 V differed from that measured in the present study, ¹1.287 V which is more positive than the derived values. Moreover, the oxidation potential of Am 2+ to Am was more negative than that of Am 2+ to Am 3+ since it was reported that the apparent standard potential of Am 2+ /Am couple is more negative than that of Am 3+ / Am 2+ couple. [8] [9] [10] [11] Therefore, it was concluded that this anodic peak was not attributed to the reduction reactions of Am.
The equilibrium potentials were measured by an open-circuit chronopotentiometry after the potentiostatic electrolysis with the applied potential more negative than the cathodic peak potential. Table 1 and shown in Fig. 6 together with reported data. 12, 13 A linear dependence of apparent standard potentials on temperature yields to the following equation:
3þ =CmÞ ¼ ðÀ3:236 AE 0:011Þ þ ð4:86 AE 0:14Þ Â 10
As shown in Fig. 4 , our data are in good agreement with Osipenko's data 13 and are lower than Martinot's data. 29 The dependency of the apparent standard potential on temperature was almost same in the case of Np, Pu, Am, and Cm, as shown in Figs. 6-9 . The apparent standard potential in an An 3+ /An system (Here, An denotes Np, Pu, Am, or Cm.) is defined by the following equation:
where E ðAn 3þ =AnÞ and £ An 3þ are the standard potential in the An 3+ /An system and the activity coefficient of M 3+ ion in LiCl-KCl eutectic melt, respectively. Under the assumption that the standard potential is intrinsic to each element, namely, the standard potential is independent of experimental conditions, the coefficient of the Electrochemistry, 83 (7), 532-536 (2015) second term on the right side of Eq. (9) indicates the slope of temperature dependency of apparent standard potential. This suggests that the activity coefficients of each element in LiCl-KCl eutectic melt were almost same in previous studies.
The Gibbs free energy of formation of CmCl 3 in LiCl-KCl eutectic melt ÁG 
The Gibbs free energy of formation is also expressed with the enthalpy of formation ÁH 
As shown in Fig. 10 , a linear dependence of Gibbs free energy of formation of CmCl 3 on temperature enables us to evaluate the enthalpy and entropy of formation of CmCl 3 . The enthalpy and entropy of formation of CmCl 3 in LiCl-KCl eutectic melt are listed in Table 2 . The enthalpy and entropy of CmCl 3 in the present study were good agreement with those reported by Osipenko 13 and lower than those reported by Martinot. 12 Furthermore, the standard enthalpy of formation of CmCl 3 in solid state at 298.15 K 30 and the standard entropy of formation of CmCl 3 in solid state which has been calculated using a semi-empirical method 31 are much closer to those derived from the data obtained in the present study and Osipenko's data than those derived from Martinot's data.
In addition, reported Gibbs free energy of formation of NpCl 3 , 3, 6, 7, 32 Electrochemistry, 83(7), 532-536 (2015) evaluated by extrapolating. As shown in Fig. 11 , our data and reported Gibbs free energies of formation in LiCl-KCl eutectic melt are very close to each other in each chloride, moreover, those in LiCl-KCl eutectic melt and those in solid 34, 35 have a same tendency to the atomic number of metal element in the chlorides, namely, as the atomic number of metal element in the chlorides is increased, the Gibbs free energy of formation of the chlorides in LiCl-KCl eutectic melt and that in solid is decreased. From these results, it was concluded that the apparent standard potentials of Cm 3+ /Cm couple evaluated in the present study and those reported by Osipenko 20 are reliable.
Conclusions
Electrochemical properties of curium in LiCl-KCl eutectic melt were investigated using the small electrochemical cell designed for the electrochemical measurements of a small amount of highly radioactive minor actinides. Before the measurements using curium samples, the accuracy for the data of electrochemical measurements using the small electrochemical cell was confirmed by the electrochemical measurements carried out in LiCl-KCl-CeCl 3 at 723 K.
Apparent standard potentials of Cm
3+
/Cm couple in LiCl-KCl eutectic melt were evaluated in the temperature range of 718-823 K. The obtained apparent standard potentials had a linear tendency on temperature in this temperature range and were accordance with Osipenko's data. Considering the result of comparing the apparent standard potentials of Pu, Np, Am and Cm and Gibbs free energy of formation of CmCl 3 , it was concluded that the apparent standard potentials of Cm 3+ /Cm couple evaluated in the present study and reported by Osipenko are reliable. Electrochemistry, 83 (7), 532-536 (2015) 
